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Of l a t e  years ,  our  knowledge of s o l a r  f l a r e  product ion of cosmic r ays  
has  increased  g r e a t l y .  
t o  observe cosmic r a y s  i n  the  energy range 5Mev - 500 MeV. 
extend the  range over which spectral  d a t a  can be obta ined ,  i t  a l s o  r e s u l t s  i n  
a much g r e a t e r  sample of cosmic ray f l a r e  e f f e c t s  from which t o  draw inferences .  
Furthermore, the energy range has  become l a r g e  enough t o  permit s tudy of whether 
p a r t i c l e  r i g i d i t y ,  v e l o c i t y ,  o r  energy are the  important  q u a n t i t i e s  i n  desc r ib -  
i ng  the  p r o p e r t i e s  of the  s o l a r  cosmic r a y s ,  and a l s o  t o  determine the  manner 
i n  which t i m e  changes a r e  func t ions  of energy (or  equ iva len t  parameter) .  

This  i s  p r imar i ly  due t o  our  r e c e n t l y  acquired a b i l i t y  
Not only does t h i s  

I 
It i s  the  purpose of t h i s  paper t o  summarise t n e  var ious  p r o p e r t i e s  of '\ 

s o l a r  cosmic r a d i a t i o n  e s t ab l i shed  from these ,  and ea r l i e r  d a t a ,  and t o  i n q u i r e  
as t o  the  adequacy of c u r r e n t  models t o  exp la in  the  observed phenomena. 

1. STATISTICS OF OCCURRENCE 
!I 

1 R e s t r i c t i n g  our a t t e n t i o n  t o  p a r t i c l e  ene rg ie s  >500 MeV, the observa t ion  
of  s o l a r  Ismic r a y s  a f t e r  a s o l a r  f l a r e  i s  found t o  be heavi ly  biased towards 
f l a r e s  whlch occur  on the  western po r t ion  of the s o l a r  d i s c .  It i s  observed 
t h a t  those cosnic  r a y  f l a r e  e f f e c t s  f o r  which the  pa ren t  f l a r e  occurs  on, o r  I 

near  the  western limb of the sun, 
; 

1) e x h i b i t  the  most r ap id  r i s e  t o  maximum i n t e n s i t y ;  2) e x h i b i t  t he  I 
I 

most i n t e n s e  a n i s o t r o p i e s ;  3 )  e x h i b i t ,  on the  average, the  g r e a t e s t  p a r t i c l e  / 
i f luxes ;  

the  cosmic r a y s  and, 5) on those  occasions f o r  which the d a t a  have been good 
enough, the  f i r s t  cosmic rays  have been observed t o  arrive a t  t he  e a r t h  from 1 

i 
the  plane of the  e c l i p t i c .  A l l  these  f a c t s  have l e d  t o  the  p i c t u r e  t h a t  l i n e s  / 

ordered f a sh ion  from nea r  a sunspot which i s  near  t he  western limb t o  the  
v i c i n i t y  of the  e a r t h ;  thereby providing an easy rou te  f o r  the  cosmic r a y s  
t o  fol low i n  o rde r  t o  reach the e a r t h .  (See F igure  1) The f a c t  t h a t  t h i s  
pos tu l a t ed  f i e l d  conf igu ra t ion  i s  i n  genera l  agreement with the  concept that,/ 
the  s o l a r  wind w i l l  s t r e t c h  ou t  the s o l a r  magnetic f i e l d s  t o  form l i n e s  of 

4 )  e x h i b i t  very  s h o r t  f l i g h t  t i m e s  f o r  t he  sun t o  e a r t h  journey of 

a d i r e c t i o n  some 50 t o  60° t o  t he  w e s t  of the  ear th-sun  l i n e ,  and roughly i n  

of fo rce  of the  i n t e r p l a n e t a r y  magnetic f i e l d  s t r e t c h  i n  a r e l a t i v e l y  wel l -  / / 
I 

/ 
1 
i 

fo rce  i n  the form of an Archimedes s p i r a l  adds credence t o  t h i s  model. /' 

On the  b a s i s  of the  above model one can argue t h a t ,  as one goes t o  lower 
p a r t i c l e  ene rg ie s ,  so w i l l  t he  gyroradius  of the  cosmic ray  p a r t i c l e  decrease ;  __-- 

e----------- 
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consequently the  magnetic moment of  the  gy ra t ing  p a r t i c l e  w i l l  be more nea r ly  
cons t an t  with t i m e ,  and consequently,  the  s t rong  b i a s  towards the western limb, 
and i n  a d d i t i o n  t h e  p r o p e r t i e s  1) t o  5) above w i l l  become even more pronounced. 
The a v a i l a b l e  evidence i n d i c a t e s  t h a t  t h i s  i s  n o t  so. For example, t he  obser-  
v a t i o n s  of  marked p.c.a. ,  t h a t  i s ,  l a r g e  f luxes  i n  the 5-30 Mev range, and 
the  observa t ions  wi th  ba l loons ,  show t h a t  t he  low energy f l a r e  e f f e c t  i s  only 
very s l i g h t l y  b iased  towards the  western p o r t i o n  of the  s o l a r  d i s c .  See 
F igure  2 ( a f t e r  C. W. Warwick). It  would appear t h a t  the  mode of propagat ion 
of t hese  low energy p a r t i c l e s  i s  d i f f e r e n t  from t h a t  of the high energy p a r t i c l e s .  

2. TIME HISTORY 

Considering the  i d e a l i s e d  case of  i s o t r o p i c  d i f f u s i o n  away from an  impulsive,  
p o i n t  source,  i n t o  an i n f i n i t e  medium, Parker ,  (and o the r s )  has shown t h a t  t he  
u n i d i r e c t i o n a l  i n t e n s i t y  a t  a p o i n t  d i s t a n c e  R from the source,  a t  time t a f t e r  
t he  i n j e c t i o n  i s  given by 

where N i s  the  number of p a r t i c l e s  i n j e c t e d  by the  source a n d h  i s  the  mean 
f r e e  pa th .  Consequently, a p l o t  of I n  {! ( R , t )  . t3j2 1 versus  l / t ,  f o r  a 
g iven  va lue  of  ( p a r t i c l e  v e l o c i t y  i n  u n i t s  of c )  , should be a s t r a i g h t  l i n e .  

I 

Recently,  t h e  Goddard group, us ing  d a t a  from Explorer  XII, and the  
Minneapolis group, u s ing  ba l loon  d a t a ,  have s tud ied  a number of w e l l  observed 
f l a r e  e f f e c t s ,  and have found t h a t ,  a f t e r  a n  i n i t i a l  pe r iod  of about  one hour 
has  e lapsed  (during which t i m e  a n i s o t r o p i e s  are ev iden t ) ,  the  above q u a n t i t i e s  
are l i n e a r l y  r e l a t e d  f o r  an apprec iab le  p o r t i o n  of the  f l a r e  e f f e c t .  See 
F igure  3. T h a t  is ,  even though i n  t h e  case of the  September 28, 1961 f l a r e  
e f f e c t  t he  cosmic ray t i m e s  of f l i g h t  and a n i s o t r o p i e s  are sugges t ive  of 
d i r e c t  magnetic connect ion t o  the  v i c i n i t y  of  t he  pa ren t  s o l a r  f l a r e ,  the  
evidence a l s o  sugges ts  t h a t  the  lower ene rg ie s  i n  p a r t i c u l a r  s u f f e r  cons iderable  
d i f f u s i o n  en r o u t e  t o  the  e a r t h .  I f  t h i s  d i f f u s i o n  w e r e  occur r ing  only i n  
the  irmnediate v i c i n i t y  of t he  sun the re  should s t i l l  be an apprec iab le  an iso t ropy  
observed a t  the  e a r t h  as long as the re  w a s  leakage of t he  cosmic r ays  from the  

r e s e r v o i r "  i n  the  v i c i n i t y  of t h e  sun: - a p r e d i c t i o n  no t  v e r i f i e d  by obser-  
va t ion .  W e  must, t he re fo re ,  seek a model which can preserve  the  p r o p e r t i e s  
of "quick access"  f o r  some p a r t i c l e s ;  "d i f fus ion  access' '  f o r  t he  ma jo r i ty ;  
and n e g l i g i b l e  an iso t ropy  a t  t he  e a r t h  a f t e r  about t he  f i r s t  hour of the  cosmic 
r a y  f l a r e  e f f e c t .  

11 

Considering t h e  decay phase of f l a r e  e f f e c t s ,  Meyer e t  a1 from cons ide ra t ion  
of t h e  February 23, 1956 f l a r e  e f f e c t ;  and o t h e r  workers, from cons ide ra t ion  
of va r ious  ba l loon  d a t a  v ide  i n f r a )  have shown t h a t  sometimes the  i n t e n s i t y  
decreases  roughly a t  t- 3 J 2  , as p red ic t ed  by t h e  classical  d i f f u s i o n  theory.  
A t  o t h e r  t i m e s ,  t he  decay i s  more a c c u r a t e l y  an  exponent ia l  i n  t i m e :  - t h i s  
being the  type of decay p red ic t ed  i f  t he  d i f f u s i n g  medium i s  n o t  i n f i n i t e , b u t  
bounded, an  exponent ia l  decay of  i n t e n s i t y  commencing once p a r t i c l e s  s t a r t  t o  
be l o s t  through t h e  boundary. That i s ,  the  decay phases o f  many f l a r e  e f f e c t s  
suggest  t h a t  t he  cosmic r ays  are leaking  o u t  of  the  reg ion  i n t o  which they are 
i n i t i a l l y  i n j e c t e d  i n  a manner n o t  un l ike  t h a t  p red ic t ed  by c l a s s i c a l  d i f f u s i o n  
theory.  

To preserve  the  " d i r e c t  access" proper ty ,  and y e t  o b t a i n  a d i f f u s i o n - l i k e  
propagat ion i n  the  l a r g e ,  one may cons ider  a model s i m i l a r  t o  t h a t  i n  F igure  4.  
The i r r e g u l a r i t i e s  i n  the  l i n e s  of fo rce  r e s u l t  i n  an a n i s o t r o p i c  d i f f u s i o n : -  
the  cosmic r ays  d i f f u s i n g  ac ross  the l i n e s  of f o r c e ,  while  moving e s s e n t i a l l y  
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f r e e l y  along them. 
cosmic ray p a r t i c l e s  may, i n  the  process  of being r e f l e c t e d  from the  boundary 
( p a s t  the o r b i t  of e a r t h ) ,  d i f f u s e  from one tube of fo rce  t o  another .  This  
will be discussed l a t e r .  

An al ternate p o s s i b i l i t y  suggested by Parker  i s  t h a t  the  

The very ex tens ive  observa t ions  made by the  Goddard group us ing  d e t e c t o r s  
on Explorer  X I 1  y i e l d  f u r t h e r  information regard ing  the  d i f f u s i o n  mode of 
access  t o  the  e a r t h .  
t i s  the  time a f t e r  the f l a r e  e f f e c t ,  the  var ious  curves a r e  i d e n t i c a l  i n  
shape(and superposable a f t e r  normal iza t ion) .  
of d i f f e r e n t  energy have t r a v e l l e d  e s s e n t i a l l y  the  same d i s t ance  i n  reaching 
the  e a r t h .  
a mean f r e e  pa th  which i s  independent of . 
3 .  ENERGY SPECTRUM 

They f i n d  t h a t ,  p l o t t i n g  i n t e n s i t y  a g a i n s t p  t ,  where 

This  i n d i c a t e s  t h a t  t he  par t ic les  

I n t e r p r e t e d  as a c l a s s i c a l  d i f f u s i o n  process ,  t h i s  would i n d i c a t e  

? 

Looking a t  r e s t r i c t e d  energy i n t e r v a l s ,  and one type of  p a r t i c l e  (usua l ly  
p ro tons ) ,  t h e  energy s p e c t r a  could o f t e n  be f i t t e d  by e i t h e r  power, o r  exponen- 
t i a l  l a w s  i n  e i t h e r  energy o r  r i g i d i t y .  
became a v a i l a b l e ,  however, a c r i t i c a l  t e s t  w a s  poss ib l e  t o  determine which 
type of s p e c t r a l  l a w  w a s  the  s imples t  f i t  t o  t h e  da t a .  Furthermcre,  ccnsideration 

l a w .  F r e i e r  and Webber i n  t h i s  manner decided t h a t  over the  energy/nucleon 
range from 5 2 Mev - 5 Bevy the  d i f f e r e n t i a l  spectrum f a i r l y  l a t e  i n  a f l a r e  
event  i s  descr ibed by an  exponent ia l  l a w  i n  r i g i d i t y  (P) given by 

Once d a t a  from a l a r g e r  energy range 

=f  -“-G: v a l ~ ~ ~ l e ~  or’ d i f f e r e n t  A J Z  r a t i o  a l s o  permit ted de te rmina t ion  of t he  s p e c t r a l  

where 81 ( t )  and Po ( t )  are func t ions  of t i m e .  General ly ,  as t i m e  i nc reases ,  
P o ( t )  e c reases ,  the d a t a  s t i l l  being we l l  descr ibed  by an exponent ia l .  This  
p r e s e r v a t i o n  of an exponent ia l  l a w  p l aces  r e s t r i c t i o n s  on the r i g i d i t y  and 
temporary changes which may occur i n  jl (t) . 

Figure  5 ( F r e i e r  and Webber) and Figure 6 (der ived from d a t a  presented  
by B i s w a s  e t  a l )  i l l u s t r a t e  t he  types of s p e c t r a  t o  be observed. 
v a r i a t i o n  i n  Po i s  t o  be noted. 

The wide 

The Goddard emulsion group has  made a c a r e f u l  s tudy of the  pro ton ,  a lpha  
and medium p a r t i c l e  f luxes  i n  a number of  f l a r e  e f f e c t s .  They no te  t h a t ,  i f  
the  f luxes  of p a r t i c l e s  of d i f f e r e n t  A/Z a r e  known, the dominantquant i ty ,  

r a d i a t i o n  i n t e n s i t y  can be determined. Thus they f i n d  t h a t  f o r  t he  November 1 2 ,  
1960 event  t he  r a t i o  of the  pro ton  and a lpha  f luxes  i n  the  same range of 
energy/nucleon i s  i n v a r i a n t  wi th  r e spec t  t o  t i m e ,  i n d i c a t i v e  of a decay which 
i s  v e l o c i t y  dependent (and n o t  r i g i d i t y  dependent: - i f  r i g i d i t y  dependent, 
the  r a t i o  would vary wi th  t i m e ) .  See F igure  7. On the o t h e r  hand, t he  
decay f o r  the  November 15, 1960 event  w a s  apparent ly  r i g i d i t y  dependent. 
See F igure  7. A v e l o c i t y  dependent d i f f u s i o n  a t  energ ies  1 Bev has  been 
p red ic t ed  by Parker  on the b a s i s  of s c a t t e r i n g  of cosmic rays  by  magnetic 
inhomogenieties.  

( i .e .  r i g i d i t y ,  v e l o c i t y ,  e t c . )  i n  the de te rmina t ion  of the  decay of the  

4 .  BASIC FACTS TO BE ACCOMMODATED I N  MODEL 

I n  summary, any model must exp la in  the  fol lowing observed f e a t u r e s  of 
cosmic r a y  f l a r e  e f f e c t s .  

a)  A t  h igh energ ies  - b i a s  towards western limb of sun. 
A t  low ene rg ie s  - b i a s  t o  cen t r e  of s o l a r  d i s c .  
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b) Rapid access to the earth of some cosmic rays. Marked anisotropies 
(short-lived) oriented some 60° to the west of the sun. Some scattering of 
particles does occur en route to the earth. 

c) Diffusion-like access of large majority of particles. 

d) Few flare effects are attributable to flares on back-side of sun. 

e) The mechanism responsible for the Forbush decrease can trap solar 
cosmic rays (e.g. November 12, 1960). 

f) The spectrum is frequently a good approximation to an exponential 
in rigidity, the characteriseic exponent Po being a function of time. 

g) The decay of flare effect often follows a law similar to that given 
by classical diffusion. The diffusion mean free path is sometimes independent 
of rigidity. 

Some models will be discussed. 
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